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Introduction
This study explores a model for the chemical evolution of the lunar interior that attempts to explain the origin and evolution of lunar magmatism and possibly the existence of a lunar core [1, 2] .
Inferred source depths greater than 400-500 km (cf.
[3],[4], [5] ) as well as the ages (3.9-3.1 Ga)of high- and low-Ti mare basalt volcanism [6] must reflect processes of lunar internal evolution. However, these generally accepted characteristics of lunar magmatic evolution do not appear to be explained by previous models for the evolution of the lunar interior. Many previous studies have focussed on geophysical (e.g., [7, 8] ) and tectonic constraints [9] [10] [11] [12] [13] on lunar evolution. Among those that specifically address the solidification of the magma ocean (e.g., [14] [15] [16] predicted by their model+ would produce magmas but these would not be mare basalts. The obvious conclusion is that the production of mare basalts must involve factors not included in the Solomon and Longhi model.
We accept, as a working hypothesis, that a large magma ocean, several hundreds of kilometers in thickness, segregated into a plagioclase-rich crust and a complimentary stratified cumulate mantle enriched in Fe-Mg minerals (see [17, 18] ). The initial stratification of the magma ocean cumulate can only be estimated given the possible complexities associated with the crystallization of a magma body.of such extraordinary size (e.g., [19, 20] ). The solidification of this magma ocean could be approximated by models of near-equilibrium crystallization to nearperfect fractional crystallization, or some combination of both processes occurring at different stages.
In addition, cooling caused by the rapid transport of quenched melt to the bottom of the magma ocean would induce olivine crystallization, producing a cumulate layer approximating the composition of an olivine-rich bulk Moon [21] .
There is clear evidence of fractional crystallization, however, at least in the final stages of solidification of the magma ocean. 
Solidification of the magma ocean: initial chemical stratification
We assume that a magma ocean differentiated into an anorthositic crust and a chemically stratified mantle. The products of this differentiation depend on the depth of the magma ocean, the lunar bulk composition, and the nature and efficiency of the differentiation process. Estimates of magma ocean depths range from 250 km to the entire Moon [27] . It has been argued that the absence of global scale extensional or compressional features on the lunar surface limit variations in the lunar radius to ::1:1 km over the past 3.8 Gyr [9] . Solomon and Chaiken [9] found that for this radius constraint to be satisfied, the contraction due to cooling of the outermost layers of the Moon, which they assumed to be the crystallized product of the magma ocean, must be balanced by radioactive heating of the deeper interior. They argued that this constraint limits magma ocean depths to less than 400 ks. 
largely a function of the thickness and persistence of a solid layer at the surface through which heat is transferred only by conduction. Prior to the formation of a stable solid crust, convective cooling and solidification of the magma ocean will be rapid (cf. [19, 20] ). The rate of solidification would slow dramatically, however, once the magma ocean is blanketed by a stable plagioclase-rich crust [ 16] . 
Large scale overturn of initial unstable stratification
The cumulate mantle resulting from solidification of the magma oct, an is gravitationally unstable with The true stratigraphy of the Moon is bound to be more complex since at least some mixing will occur. small setand dispersed throughout the mantle. Sinking and rising diapirs may entrain and convcctively mix with portions of the mantle through which they pass [3,3g] .
The sinking and associated mixing of cumulates represents a process by which KREEl'-rich cumulates and IBC could be dispersed throughout tile mantle (see also [19, 40] ). Such mixing would reduce the density stratification shown in Fig. I , which assumes no mixing at all.
The roughly 550 km radius IBC core contains about 15 wt% ilmenite. The IBC cumulates should also be enriched m highly incompatible elements, especially the heat-producing elements.
The IBC were derived from melts which contained about 20 times lunar abundances of heat-producing elements because the melts parental to IBC are liquids obtained after 95% crystallization of the magma ocean.
We assume that rising plagioclase cumulates are impoverished in these elements, so that the complementary mantle contained about 30 times lunar abundances. Some fraction of these heat-producing elements will be carried to the lunar IBC core. We assume that the heat-producing elements range from 5 to 10 times bulk lunar abundances in the analysis that follows.
Temporal
and spatial scales for overturn of initial chemical stratification It is interesting to hypothesize that the lunar center of figure-center of mass offset and corresponding crustal asymmetry (cf.
[37]) might be indicative of such a large scale instability.
The time required for a diapir to sink is estimated using the Stokes settling velocity of a fluid sphere with viscosity P-I settling in a fluid of viscosity /_2 (ef.
[41]): It is important to recognize tlmt the differentiation process will be much more complex than these simple estimates appear to imply l)iapirs will develop while the layer is still solidifying, ralhcr than after Sinking of this gravitationally unstable layer through the residual layer approximately halves the distance through which heat must be conducted to reach the surface (see [14] , fig. 8 ). The solidification time of the layer by steady state heat conduction is proportional to the layer depth (the distance over which heat must be conducted) and so would be reduced by a factor of about 2. For transient heat conduction the cooling time is proportional to the square of the depth and so would be reduced by a factor of 4.
Diapir size is proportional to _ so that even with solidification rate 2-4 times larger, the diapir sizes will be small. How heat sources will be distributed in this sinkingj IBC-cumulate mixture is more difficult to assess. If heat=producing elements were perfectly incompatibile, they would be continually concentrated into whatever liquid remained, until that liquid became saturated in these elements. Sinking solid will, however, carry with it some buoyant intragranular liquid.
Adiabatic compression will freeze this liquid increasing its density and allowing it to continue sinking. How much liquid can be carried downward in this way depends on the rate of melt migration and/or the rate of compaction of the solid. Given the obvious complexities of the differentiation process, we simply consider a range of heat-production values in the IBC core from 5 to 10 times bulk Moon values.
Internal evolution after large scale overturn
The initial chemical density stratification of the lunar mantle after overturn is large and gravitionally stable (Ap _ 200 kg/mS; see Fig. 1 ]ity arm entrainment of cooler overlying mantle into the mixed layer. In a spherical gcometry, whcre R is the radius of the CMB, this energy balance can be written:
The core temperature is similarly determined by balancing secular and radioactive heating with the rate of heat loss to the overlying mantle. Since substantial melting of the ilmenite-rich core and the thermal boundary layer occurs, the heat of melting (600 kJ/kg K) is also included.
We explore predictions of this model for a range of mantle viscosity (10_9-10 -'°Pa s) and core ra- Just above the IBC core in Fig. 1 , the density changes by about 1% over a height of 100 kin. However, if some mixing occured during overturn, the compositional gradient would be reduced. We therefore consider cases with 0.9%, 0.6%, and 0.3%, density changes over 100 kin. Fig. 4 shows the variation in mixed layer temperature and thickness with lime for several of the models listed in Table 1 . These are further discussed below.
Discussion
In all of these models melting in the mantle begins within the thermal boundary layer just above the core-mantle boundary. Consider, for example, the thermal evolution of the mantle for model (3) ( Table 1 ) with a heat source of 10 times bulk earth values and a density gradient of -0.9% per 100 km in height above the core-mantle boundary. The temperature profile of the mantle above the core-mantle boundary 400 Myr after the overturn of the lunar mantle and core formation consists of a 320 km well-mixed mantle layer with a temperature of 1425°C, a temperature still well below the mantle solidus at that depth (Fig. 3) . However, the roughly 70 km thick, thermal boundary layer is partially molten. Melting in the thermal boundary layer may slightly incre_tse or decrease the density of the partially molten mantle, given estimates of melt and solid densities at these conditions [5] . The effect of melting on buoyancy is likely to be small compared to the effect of thermal expansion. We therefore have neglected melt buoyancy in the models described above. The possible effect of the presence of melt in the lunar core will be considered later.
The thermal boundary layer is thermally buoyant and becomes unstable, mixing both thermally and chemically with the overlying mantle. The mass of the thermal boundary is cooled to the mean temperature of the mixed mantle. With the temperature of the mixed layer below the local solidus, whatever melt is transported to the mixed layer from the thermal boundary layer crystallizes and releases latent heat in the mixed mantle layer. The temperatures depicted in Fig. 3 include the thermal contribution of this latent heat.
Within 500 Myr of core formation, lhc thickncss of the mixcd laycr has reached over 340 kin, and more significantly, the temperature at the top of the mixcd laycr has excccdcd the local solidus at a dcpth corresponding to a prcssure of 3.5 GPa. The liming and depth at which melting begins in the mixed layer is dependent on several of the model paramctcrs. Fig. 4a and b Myr later for the low density gradient than in the high density gradient ( Table 1 ).
The thermal evolution and subsequent melting of the mixed layer also depends on the concentration of heat-producing elements in the core. Reducing the radioactivity to 5 times bulk earth values has dramatic consequences. The solidus at the top of the mixed layer is reached but only after a considerable time interval 1 Gyr later than the case for 10 times core radioactivities (Table 1) . Similarly, increasing the mantle viscosity from 10 t9 tO 10 20 Pa s increases the time for melting at the top of the mixed layer by about 200 Myr. Melt is generated at slightly lower temperatures and somewhat shallower (compare (3) and (5) in Table 1 ).
We already noted that the temperatures obtained at the bottom of the thermal boundary and in the core exceed the solidus soon after the overturn.
Assuming that the mantle is a harzburgite or perhaps an olivine-bearing orthopyroxenite as seems likely, the melt fraction can approach 100%. The temperature of the forsterite-enstatite (Mg" = 1.0) coteetie fig. 16.2) . Thus, the liquidus temperatures of olivine and enstatite (Mg' = ().80) is roughly 2040°C and 1860°C, respectively, at these pressurcs.
Thus for the temperatures shown in Fig. 3 , the lower portions of the thermal boundary layer are totally molten for pyroxene-rich lithologies but only partially molten for olivine-rich cumulates.
The liquidus temperature for the lunar core is even lower because the Mg' values are lower. If this analysis is correct, the lunar core is totally molten about 400-500 Myr after core formation for 10 times bulk earth radioactivities.
It is interesting to note that the high apparent Love number of the Moon can be explained by a partially molten central region with 800 km radius that persists to the present [13] . The concentration of heat sources and low melting temperature materials toward the center of the Moon would make it easier to explain a currently molten lunar core.
What role might melting of the lunar IBC core play in the thermal and chemical evolution of the lower mantle? In our model, the lunar core contains about 15 wt% iimenite and 85 wt% pyroxene-lplagibclase. The density of the molten core can only be estimated given the large extrapolations needed to obtain the appropriate thermal expansions and compressibilities. Moreover, reasonably modest changes in the TiO 2, Mg* number and the SiO 2 content can have significant effects on the calculated density. For mare-like melts with 8% TiO2 (equivalent to 15% normative ilmentite), the results of Delano [5] suggest that the density of the molten core is about 3400 5:100 kg/m 3.
In comparison, the density of a partially or even fully molten mantle in the thermal boundary layer is much less. We assume that the mantle in the thermal boundary layer is largely low CaO-pyroxene (Mg" 0.80) + olivine and minor ilmenite. The density of molten low CaO-pyroxene at 1900°C is about 2700 kg/m a [45], whereas any unmelted olivine has a density of less than 3300 kg/m J at these temperatures [5] . of multi-saturation represent a mean pressure of generation, i.e., melts were generated at pressures both above and below 2-2.5 GPa.
As a source for mare volcanism, melting at the top of the mixed layer must occur at low enough pressure for melt to be buoyant relative to solid and at high enough pressure to satisfy the multi-saturation contraint discussed above. Melting at the top of the mixed layer must begin within 500-600 Myr of the overturn since the oldest high-TiO 2 mare basalts appeared at lea_t 3.9 Myr ago [6] . Our results summarized in Table 1 
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